We have fabricated electrically switchable holographic gratings, using Polaroid Corporation's DMP-128 photopolymer f illed with the nematic liquid crystal E7. It is shown that a coupled-wave theory that includes the effects of the birefringence of the liquid crystal must be used to explain the diffraction properties of these anisotropic volume gratings. Furthermore, a detailed comparison of theory and experiment provides information about the alignment of the liquid crystal within the polymer host. 
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Holographically recorded liquid-crystal composite gratings 1 -4 can be used as active beam-steering elements for applications such as time-delay networks, 5 beam modulation, and switching. 6 The liquid-crystal composite is an attractive material for electrically switchable holographic gratings because liquid crystal has a large field-induced birefringence change, which results in large changes in refractive-index modulation and, therefore, diffraction efficiency of the composite grating. In particular, high-contrast optical switches have been produced by use of Polaroid Corporation's DMP-128 photopolymer. 5 DMP-128 is a photosensitive material that is porous after it has been exposed to light and processed. 1, 2 After processing of the material, the pores of the grating can be filled with a nematic liquid crystal. The diffraction efficiency of these gratings is controlled by the application of an electric field. When the field is turned on, the liquid crystals rotate within the pores, thereby changing the refractive-index modulation experienced by the incident light. This change in refractive-index modulation produces a corresponding change in the diffraction efficiency of the grating.
In this Letter we present the results of a study in which we compared the measured diffractive properties of liquid-crystal composite gratings with a twowave coupled wave analysis that includes the effects of birefringence. 7 We show that one must include the anisotropy of the composite grating in the model to explain the observed diffraction properties. Furthermore, we show that this comparison also provides information about the alignment of the liquid crystal within the porous grating.
To analyze the unslanted volume transmission gratings used in this work, we model the DMP-128 holograms as having regions of high porosity separated by regions of low porosity. Each region has a refractive index given by
where f a is the filling fraction of the high-porosity region, f b is the filling fraction of the low-porosity region, n f is the refractive index of the material that is contained within the pores, and n DMP is the refractive index of the processed DMP-128 photopolymer, which is equal to 1.56 6 0.02. 2 The filling fractions in this model were determined from measurements of the average refractive index and the refractive-index modulation of the unf illed grating. These parameters were found by comparison of the experimentally measured angular dependence of the diffraction efficiency for the unf illed grating with both sand p-polarized light and the predictions of the coupled-wave theory of volume gratings. 8 After the unf illed gratings were characterized, we filled them with E7 liquid crystal ͑n e 1.75, n o 1.52͒. The angular dependence of the diffraction efficiency was measured for both sand p-polarized light. The diffraction efficiency for s-polarized light was small, which indicates that the liquid crystal orients in the porous grating in such a way that an s-polarized wave sees primarily the ordinary index of the liquid crystal, which is nearly index matched to the polymer host. Figure 1 shows the angular dependence of the diffraction efficiency (filled squares) for p-polarized light at a wavelength of 0.6328 mm incident upon an 8-mm-thick liquid-crystal composite grating with unslanted grating planes and a grating spacing of 0.489 mm. The average refractive index and the refractive-index modulation of the unf illed grating were measured to be 1.20 and 0.045, respectively.
The coupled-wave theory of Kogelnik 8 was used as an initial step to explain the diffraction properties of the liquid-crystal composite grating. Figure 1 shows a comparison of the experimentally measured angular dependence and the predictions of Kogelnik's coupled-wave theory (solid curve). The theoretical calculation was done with the assumption that the liquid crystal aligns along the grating vector within the 0146-9592/00/060420-03$15.00/0  2000 Optical Society of America pores of the polymer host in both the high-and the lowporosity regions. 2 Additionally, we assumed an order parameter of unity for the liquid crystal within the pores, since this assumption results in the maximum index modulation and our experimental results indicated an anomalously high diffraction eff iciency. We then calculated the liquid-crystal refractive index for each angle. Finally, the average refractive index and the refractive-index modulation for each angle were calculated with Eq. (1), along with the filling fractions obtained from the characterization of the unf illed grating. The discrepancy between the data and the theoretical prediction most likely is due to the fact that Kogelnik's coupled-wave theory does not include the effects of the birefringence of the grating. In a recent paper, 7 Montemezzani and Zgonik modified the two-wave coupled wave theory of Kogelnik 8 to include volume gratings that are fabricated from birefringent materials. In this case it is assumed that the relative permittivity tensor of the grating can be written in the form $ e ͑x͒ $ e 0 1 $ e 1 cos͑2px͞L͒, where $ e 0 is the average relative permittivity tensor, $ e 1 is the relative permittivity modulation tensor, and L is the grating spacing. The diffraction efficiency of an anisotropic volume grating for light incident at the Bragg angle is given by h sin 2 pd l 0 cos uê
where d is the grating thickness, l 0 is the freespace wavelength,ê 0 andê 1 are polarization unit vectors for the zeroth and the first diffracted orders, respectively, n 0 is the average refractive index of the grating, u is def ined as the angle between the grating normal and the energy-propagation direction of a diffracted wave, and d is the angle between the energypropagation direction and the wave-vector direction for the diffracted wave. It is important to remember that n 0 depends on u, owing to the average birefringence of the grating. Additionally, d is small for the composite gratings considered in this work. As can be seen from Eq. (2), the predicted diffraction eff iciency is highly dependent on the form of the relative permittivity modulation tensor. In turn, the form of this tensor for the material system under consideration in this work is dependent on factors such as porosity and liquidcrystal alignment. The symmetry of the unslanted grating geometry that we are studying, along with the fact that we observe no coupling between sand p-polarized light, leads us to assume that the average relative permittivity tensor for the composite grating can be written as 
In Eqs. (3) and (4) the x direction is parallel to the grating vector and the z direction is parallel to the grating normal.
To obtain information about the components of these tensors for the liquid-crystal composite, we measured the diffraction eff iciency as a function of angle of incidence for many different wavelengths. The Bragg condition is given by sin u B l 0 ͞2n o L. From this relation we can see that each wavelength will have its own Bragg angle. Thus, by measuring the diffraction eff iciency at many different wavelengths, we are effectively probing the composite medium at many different Bragg angles. As we shall show, this is a sensitive measure of the relative permittivity modulation tensor and, therefore, of the liquid-crystal alignment.
We used a grating with a grating spacing of 0.281 mm for this set of measurements to maximize the range of accessible Bragg angles with the wavelengths that we had available. We fabricated the gratings in the DMP-128 photopolymer by interfering two beams with a wavelength of 0.6471 mm from a krypton-ion laser. The gratings were then filled with the nematic liquid crystal E7, and the angular dependence of the diffraction eff iciency was measured for p-polarized light at several wavelengths. For this set of measurements the liquid-crystal composite grating was sandwiched between two BK7 prisms. The prism coupling was necessary so that the Bragg angle for each wavelength could be accessed. The angle within the prism is def ined to be the angle that the incident beam makes with the grating normal at the prism-sample interface. Fig. 2 . Normalized diffraction efficiency plotted as a function of Bragg angle within the prism. The filled circles are experimental data points, the dashed curve is a theoretical calculation obtained with Kogelnik's theory, assuming that the liquid crystal orients along the grating vector, and the solid curve is a theoretical calculation obtained with twowave anisotropic grating theory assuming that e 0x 2.56, e 0z 2.56, e 1x 0.22, and e 1z 0.07. Figure 2 shows the experimentally measured values (filled circles) for the normalized diffraction efficiency at the Bragg angle for each wavelength. The light sources were an argon laser operating at 0.4579 or 0.5145 mm, a He -Ne laser operating at 0.6328 mm, and a titanium : sapphire laser that was continuously tunable from 0.71 to 0.825 mm. The thickness of the grating was determined from the characterization of the unf illed grating to be 9.5 mm. The prediction of coupled-wave theory that neglects the birefringence of the grating is shown in Fig. 2 by the dashed curve, and the solid curve shows the prediction of the anisotropic coupled-wave theory. As before, we calculated the dashed curve by assuming that the liquid crystal orients parallel to the grating vector, using the fill fractions of the empty grating and the angular dependence of the index modulation resulting from the birefringence. We can see that, as expected, the predictions that neglect the birefringence of the grating do not agree with the experimental results. To compare the experimental results with the anisotropic coupledwave theory, we used the relative permittivity modulation values as the fitting parameters. From fitting the experimental dependence and using e 0x e 0z 2.56, we found that e 1x 0.22 and e 1z 0.07.
Additionally, we performed measurements of the diffraction eff iciency for small detunings from the Bragg angle at each wavelength. We found that the anisotropic coupled-wave theory not only predicts the value of the diffraction eff iciency at the Bragg angle but also accurately predicts the entire angular spectrum.
Information about the alignment of the liquid crystal within the pores of the grating can be extracted from the theoretical fits to the data and the filling fraction model of the grating. The unf illed average refractive index of the grating discussed above was found to be 1.24, and the unfilled refractive-index modulation was found to be 0.0625. These values yield filling fractions of the high-and low-porosity regions of f a 0.69 and f b 0.46, respectively. The effective refractive indices of the liquid crystal within each region of the filled grating were then determined to be n fax 1.72, n faz 1.65, n fbx 1.49, and n fbz 1.60. We def ined n fax and n faz as the effective refractive indices of the liquid crystal in the high-porosity region and n fbx and f fbz as the effective refractive indices of the liquid crystal in the low-porosity region. Note that in region a, n fx . n fz , whereas in region b, n fx , n fz . Thus it appears that the liquid crystal aligns differently in regions a and b. Currently we do not understand why the anisotropy in the refractive index in the two regions is different. In the proposed model the refractiveindex prof ile of the grating is assumed to be sinusoidal. The effect of relaxing this assumption is currently under investigation.
In summary, we have conducted a study of composite gratings recorded by use of Polaroid Corporation's DMP-128 photopolymer filled with the nematic liquid crystal E7. We have shown that the birefringence of the liquid crystal must be included in the theoretical model of the composite system to permit one to predict accurately the observed diffractive properties. In particular, the anisotropy of the relative permittivity tensor plays a key role in determining the diffractive properties of these gratings. We have also obtained information about the alignment of the liquid crystal within the pores of the polymer composite. The values obtained for the refractive indices of the liquid crystal indicate that the alignment may vary between the high-and low porosity regions of the grating.
